The localization and distribution of mRNA encoding the glucocorticoid receptor (GR) was investigated in tissue sections of the adult male rat brain by in situ hybridize. tion and RNA blot analysis. GR mRNA levels were measured by quantitative autoradiography with IS-and 32P-labeled RNA probes, respectively. Strong labeling was observed within the pyramidal nerve cells of the CAl and CA2 areas of the hippocampal formation, in the granular cells of the dentate gyrus, in the parvocellular nerve cells of the paraventricular hypothalamic nucleus, and in the cells of the arcuate nucleus, especially the parvocellular part. Moderate labeling of a large number of nerve cells was observed within layers II, III, and VI of the neocortex and in many thalamic nuclei, especially the anterior and ventral nuclear groups as well as several midline nuclei. Within the cerebellar cortex, strong labeling was observed all over the granular layer. In the lower brainstem, strong labeling was found within the entire locus coeruleus and within the mesencephalic raphe nuclei rich in noradrenaline and 5-hydroxytryptamine cell bodies, respectively. A close correlation was found between the distribution of GR mRNA and the distribution of previously described GR immunoreactivity. These studies open the possibility of obtaining additional information on in vivo regulation of GR synthesis and how the brain may alter its sensitivity to circulating glucocorticoids.
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Adrenal steroids have a wide range of actions in the central nervous system, where they have been shown to affect growth and differentiation of nerve cells as well as mental state, perception, learning, and sleep (for a review, see ref. 1) . Glucocorticoids, as well as other steroid hormones, exert at least a part of their action via binding to specific intracellular receptor proteins, acting as modulators of the transcriptional activity of specific networks of genes (for a review, see ref.
2). Corticosterone binds to two distinct receptor systems in the rat brain (4)-the mineralocorticoid-receptor-like type I receptor and the classical glucocorticoid receptor (GR). Recently, it has been possible to map out GR immunoreactive nerve cell populations (5-9) and glucocorticoid recognition sites (10, 11) in many areas of the central nervous system by means of mouse monoclonal antibodies against the rat liver GR (12) and specific GR radioligands, respectively. High levels of glucocorticoid binding (11) and strong GR immunoreactivity (5, 8) were found within the monoaminergic neurons, in the hippocampal formation, in the corticotropinreleasing factor immunoreactive neurons, and in the mediobasal hypothalamus.
Studies performed with ligand binding and quantitative immunocytochemistry techniques indicate that cellular GR levels vary as a result of, e.g., endocrine manipulations (13) , stress (14, 15) , and aging (16, 17) . By means of an in situ hybridization technique, it has been possible in the present paper to detect and map out the distribution of GR mRNA in the male rat brain. These results make it possible to study the regulation of GR synthesis in discrete nerve cell populations of the brain.
MATERIALS AND METHODS
Animals. Male specific pathogen-free Sprague-Dawley rats (body weight, 150-200 g) were used. They were kept under a regular day and night cycle (lights on at 6 a.m. and off at 6 p.m.) and were given food pellets and water ad libitum.
Probes. A 700-base-pair Pst IlEcoRI rat GR cDNA corresponding to the 3' portion of the coding region was isolated from pRM9 (18) and subcloned into the pGEM1 vector (Promega Biotec, Madison, WI). RNA probes were produced from the sense and antisense strands of the fragment using [32PJGTP (3000 Ci/mmol; 1 Ci = 37 GBq; Amersham) for RNA blot analysis and 35S-labeled UTP (1000 Ci/mmol; NEN) for in situ hybridization analysis, generating probes of a specific activity of -3 x 109 cpm per ,ug of RNA.
Isolation of RNA and RNA Blot Analysis. The rats were decapitated and selective brain regions were immediately dissected out. Total RNA was prepared according to Chromczinski and Sacci (19) . RNA (20 ,ug) was separated on 0.9% (wt/vol) agarose/formaldehyde gels and blotted onto nitrocellulose filters (20) . Hybridization and washing conditions were according to Okret et al. (21) . The relative mRNA levels were evaluated by measurements of the mean gray tone values on autoradiograms with an IBAS image analyzer equipped with a Bosch video camera.
In Situ Hybridization. The method is a modification of the protocol developed by Brahic and Haase (22) . Rats were anesthetized with pentobarbital (60 mg/kg i.p.) and perfused with ice-cold saline via the ascending aorta. The brains were dissected out and immediately frozen with powdered dry ice.
Cryostat sections (10 Am) were thawed onto poly-L-lysinecoated slides and air-dried for 5 min followed by fixation for 30 min in 4% paraformaldehyde/phosphate-buffered saline (PBS), pH 7.4 . After rinsing in PBS (pH 7.4) the sections were stored in 70% ethanol at 40C or were taken directly for permeabilization with 0.1 M HCl for 10 min. The slides were then acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine for 20 min followed by prehybridization in a humid chamber at 370C for 1-2 hr with a solution containing 50% formamide, 300 mM NaCl, 50 mM Tris HCl (pH 7.6), 5 (1988) humid chamber at 37°C. The hybridization buffer included 10% dextran sulfate, polyadenylic acid (100 ,ug/ml), and 100 mM dithiothreitol. The sections were then washed by rinsing in 2x SSC (0.3 M NaCl/0.03 M sodium citrate, pH 7.0) at room temperature followed by incubation in 2x SSC/50% The curve was interpolated by means of a logistic curve (least-squares method) and we assessed whether the transmittance values observed in the biological samples fell into the linear part of the film response curve.
RESULTS
In Situ Hybridization Analysis. Specific labeling with the 35S-labeled cRNA probe was obtained in coronal brain sections at various rostrocaudal levels analyzed from the forebrain to the medulla oblongata (Figs. 1 and 2 ). At most rostrocaudal levels, marked differences in the degree of specific labeling were observed between various nuclei.
Telencephalon. As shown in Figs. 1 and 2 and Table 1 , strong labeling was observed in the CA1 and CA2 areas of the gyrms hippocampi, in the dentate gyrus, in the medial posteroventral amygdaloid nucleus, and in the septohypothalamic nucleus. Moderate labeling was observed in layers II, III, and VI of the frontoparietal and occipital cortex, of the cingulate and retrosplenial cortex, and in several amygdaloid nuclei, especially the central amygdaloid nucleus, the dorsal endopiriform nucleus, and the presubiculum. Weak labeling was found in the frontal lobe, in the entire nucleus caudatus putamen, tuberculum olfactorium, nucleus accumbens, and within the septal area.
No specific labeling was found in the C3 and C4 areas ofthe gyrus hippocampi, in many lateral amygdaloid nuclei, and in most of the layers of the piriform cortex. rostrocaudal levels analyzed (Fig. 2) . In many other nuclei of the pons and of the medulla oblongata, weak or no labeling was present.
Correlation Between GR mRNA Levels Obtained by RNA Blot Analysis and in Situ Hybridization. The RNA blot analysis showed a major 7-kilobase transcript similar to what has been described for the brain (23) as well as other organs (12, 23) . To evaluate the validity of the in situ hybridization measurements, these results were compared to GR mRNA levels obtained by RNA blot analysis. For both methods, the mean gray values were expressed as percentage respective striatal mean gray value. As shown in Fig. 3 and Table 1 Diencephalon (thalamus). At all the rostrocaudal levels analyzed, moderate labeling was found in the anterior thalamic and ventral thalamic nuclear complexes and in several midline nuclei (anterior periventricular nucleus, mediodorsal nucleus, centromedial nucleus). Weak labeling was noted within most of the other thalamic nuclei with the exception of the habenular nuclei, certain midline nuclei in the posterior part of the thalamus (e.g., posterior periventricular nucleus) (see Figs. 1 and 2) , and the reticular thalamic nucleus, where no specific labeling was found.
Hypothalamus. Strong labeling was found in the median preoptic nucleus, the parvocellular part of the paraventricular hypothalamic nucleus, and in the arcuate nucleus as well as within the wing-like nucleus (compact subnucleus) of the dorsomedial hypothalamic nucleus (Figs. 1 and 2 ). Moderate labeling was present within most preoptic and hypothalamic nuclei-e.g., the ventromedial hypothalamic nucleus. In general, low labeling was found within the lateral hypothalamus and the preoptic area. No specific labeling was seen over the magnoceliular part of the paraventricular hypothalamic nucleus or over the supraoptic nucleus. However, sections exposed to liquid film emulsion (NTB2, Kodak) allowing a resolution at the cellular level showed labeling of certain magnocellular cells in both the paraventricular and supraoptic hypothalamic nuclei (data not shown).
Midbrain. Strong labeling was exclusively found within the area ofthe nucleus raphe dorsalis and within the dorsal cortex of the inferior colliculus. Weak to moderate labeling was found within the ventral tegmental area, the zona compacta of the substantia nigra, and the pontine nuclei. In the other parts of the midbrain, weak and sometimes moderate labeling could be demonstrated.
Cerebellar cortex, pons, and medulla oblongata. Strong labeling was found over the granular layer of the entire cerebellar cortex and within the entire locus coeruleus at all Proc. NatL Acad. Sci. USA 85 (1988) Proc. NatL. Acad. Sci. USA 85 (1988) 
9335

DISCUSSION
The present paper gives evidence that GR mRNA can be detected and its distribution mapped out in brain sections by means of an in situ hybridization technique and that the levels of GR mRNA can be evaluated in a semiquantitative manner. The relative amount of GR mRNA obtained in various brain areas in the RNA blot analysis agrees well with the mean gray values obtained in the in situ hybridization analysis, underlining the validity of the in situ hybridization technique.
The results in general show a high degree of correspondence between the areas with high levels of GR mRNA and nuclei showing strong nuclear GR immunoreactivity. This is true for the CA1 and CA2 areas of the gyrus hippocampi, the granular layer of the dentate gyrus, the parvocellular part of the paraventricular hypothalamic nucleus, the arcuate nucleus, the nucleus raphe dorsalis, and the locus coeruleus. The widespread distribution of GR mRNA and GR immunoreactivity in neuronal populations in all parts of the brain indicates that information handling and metabolic events in large numbers of central neuronal populations are under direct control by glucocorticoids in the brain circulation.
In agreement with previous work (7), the dopamine cell groups of the midbrain, especially the nigral dopamine cells, appear to contain lower levels of GR than the norepinephrine and 5-hydroxytryptamine cell groups of the lower brainstem. It is of interest that by using the liquid emulsion technique, GR mRNA was found in some magnocellular neurons of the supraoptic nucleus where GR immunoreactivity is found only after a special type of fixation (3) . Since Southern blot analysis (18) indicates that the GR is expressed from a single copy gene, these data taken together may indicate that specific posttranscriptional processing of the GR takes place in these magnocellular neurons.
Sometimes strong labeling with the GR cRNA probe corresponded to nerve cell groups with a weak to moderate nuclear GR immunoreactivity. This is true, e.g., for the septohypothalamic nucleus, the median preoptic nucleus, the medial amygdaloid nucleus, and especially the granular layer of the entire cerebellar cortex. In agreement, a strong signal was obtained in RNA blot analysis of the cerebellar cortex, confirming the specificity of the signal. However, sections exposed to liquid film emulsion (data not shown) showed a moderate number of silver grains per cell all over the highly densely packed granular layer, indicating that the strong hybridization signal obtained by RNA blot analysis and in situ hybridization film sheet autoradiograms reflects a high density of GR mRNA-containing cells rather than a cell population with an especially high GR mRNA copy number.
The present in situ hybridization protocol provides a rapid and sensitive tool for detection of glucocorticoid receptor mRNA in the rat brain. The use of 3H films in combination with computerized image analysis makes it possible to semiquantitate the GR mRNA levels and to study regulation of GR synthesis in discrete nerve cell populations of the rat brain.
